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Abstract

Background: DNA methyltransferases (DNMT) and histone deacetylases (HDAC) inhibitors have utility in cancer
therapeutics. However, they are associated with toxicity, which limits their efficacy against carcinomas. Previously,
we reported that decursin has anticancer activity against prostate cancer (PCa). In this study, we investigated its
epigenetic role in inhibiting the survival of PCa cells. Methods and Results: PCa cell viability was evaluated
using MTT and trypan blue assays. The effect of decursin on global methylation and gene-specific methylation
was assessed by dot blot assay and MS-PCR, respectively. Differential expression of DNMTs and HDACs was
analyzed through semi-quantitative RT-PCR and western blotting. The activity of these enzymes was measured
using commercial kits. The nuclear localization of DNMTs and HDAC3 was assessed via immunoblotting.
Results: Decursin decreased cell viability and global methylation in PCa cells. It diminished the expression of
DNMTI1, DNMT3A, DNMT3B, and pan-DNMT activities. Decursin also reduced nuclear levels and increased
cytosolic levels of DNMT1 and DNMT3A. Additionally, it inhibited the expression and activity of HDACsS,
leading to increased total acetylation and H3K9/14 acetylation of histone H3. A reduction in nuclear localization
of HDAC3 was observed in decursin-treated PCa cells. Overall, decursin reduced DNMT and HDAC expression
and enhanced the nuclear export of DNMT1, DNMT3A, and HDACS3, leading to decreased activities of these
enzymes. Conclusion: This study demonstrates the potent anticancer effects of decursin in prostate cancer cells
through modulation of epigenetic mechanisms. Decursin decreased both overall and nuclear levels of DNMTs
and HDAC:s. This effect is likely due to decursin’s inhibitory action on these enzymes, as indicated by decreased
global methylation and increased histone H3 acetylation. These findings suggest that decursin has multi-faceted
epigenetic modulatory properties, making it a promising therapeutic agent for prostate cancer prevention.
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Introduction

Among the various reversible epigenetic changes, DNA ~ DNA hypermethylation and global hypomethylation are
methylation and histone deacetylation are the important  the two major events associated with cancer. Gene-specific
modifications that contribute to cancer development  hypermethylation of tumor suppressor genes results in the
[1,2]. DNA methyl transferases (DNMTs) are the enzymes ~ decreased expression of these genes, thus paving the way
responsible for DNA methylation in cells. Gene-specific ~ forward in the process of tumorigenesis [1, 3].
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Genome-wide DNA hypomethylation is the other
side of the coin which also contributes towards oncogenesis.
It leads to the activation of certain retrotransposons [4] and
oncogenes [5] which remain suppressed by methylation
in normal cells. This activation culminates into different
kinds of mutations in the genome leading to the tumorous
transformation of the cells. Furthermore, hypomethylation
causes genome instability and loss of imprinting, both of
which have been reported to be linked with tumorigenesis
[6, 7].

Expression levels of DNMTs also get dysregulated
in several cancers and their over-expression has been
observed to be associated with oncogenesis and aberrant
methylation patterns. DNMT1, 3A, and 3B show increased
expression in prostate cancer as compared to normal tissue
[8]. DNMT inhibitors (DNMTi) are believed to revert the
effect of gene-specific hypermethylation, thus reactivating
the silenced tumor suppressor genes, ultimately leading to
the reprogramming of cancer cells causing growth arrest
and cell death [9].

Histone deacetylases (HDACs) catalyze the
deacetylation of histone as well as non-histone proteins.
HDACSs have been reported to repress the level of
an anti-proliferative gene, p21, and a pro-apoptotic
gene, Bax [2]. HDACs also play a significant role in
angiogenesis, invasion, migration, and differentiation by
regulating various genes and transcription factors involved
in these processes [2]. These chromatin regulators
mediate their effect by deacetylation of histone proteins
at the promoters of target genes, which leads to their
transcriptional repression [2]. In clinical investigations,
upregulation of HDAC: is correlated with higher grade,
increased proliferation rate, poor prognosis, and lower
disease-free survival in most cases of cancer including
prostate cancer [10, 11]. Thus, HDACs are being targeted
for cancer therapeutics and HDAC inhibitors (HDAC]) are
being explored for their cancer therapeutic potential [12].

Combination therapies using both, DNMTi and
HDAC: have also been reported to be successful to some
extent in certain cancers under experimental conditions
and clinical trials [9]. Although, DNMTi and HDAC: are
still undergoing clinical trials, their higher cost, undesired
toxicity after prolonged use, less bioavailability, and lower
potency for solid tumors have limited their use in cancer
therapeutics [12, 13]. Thus, the agents with dual effects
as DNMTi and HDACi without causing any toxicity to
the normal cells could be preferred for epigenetic therapy
[14, 15]. Decursin, a coumarin compound (IUPAC name:
[(3S)-2,2-dimethyl-8-0x0-3,4-dihydropyrano [3,2-g]
chromen-3-yl] 3-methylbut-2-enoate and CID: 442126 )
isolated from Angelica gigas Nakai (AGN), has displayed
anti-cancer properties against several cancers including
prostate cancer, and found to be nontoxic to human
prostate epithelial cell PWR-1E cells [16-21].

Decursin exhibits a diverse array of anti-cancer
properties, including inhibition of cancer cell
proliferation, induction of apoptosis, stimulation of
autophagy, modulation of the immune system, and
inhibition of invasion, metastasis, and angiogenesis.
Its anti-proliferative effects are mediated by the induction
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of cell cycle arrest at various phases (G0/G1, S, and G2),
by modulating upstream regulators such as p21, cyclin D1,
and MAPK [18]. Decursin induces apoptosis by regulating
mitochondrial membrane potential and various signaling
molecules such as circle oxymase-2 (COX-2), caspases,
survivin, Bax and Bcl-2 [22]. Decursin also modulates
the expression of EMT associated proteins including
N-Cadherin, E-Cadherin, and Vimentin, along with the
pathways such as PI3K/AKT, ERK/JNK and p38 MAPK,
to impede cancer cell migration. The targeted regulatory
pathways can vary in different types of cells [22].
Additionally, it targets matrix metalloproteases to inhibit
cancer cell invasion [20, 23] and downregulates VEGF
to inhibit angiogenesis by altering ERK/JNK signaling
[16,22]. Moreover, decursin induces autophagy in various
cancer cells [24] and enhances immune responses against
cancer [22].

Specifically in prostate cancer cells, decursin induces
growth inhibition, apoptosis, and cell cycle arrest at the
G1 stage in DU145 and LNCaP cells, and at G1, S, and
G2 stages in PC3 cells, with varied concentrations and
treatment durations. Mechanistically, decursin upregulates
p21 expression while downregulating CDK2/4/6 and
cyclin D1 levels, consequently reducing CDK activity.
Additionally, increased expression of cleaved caspase 3,
caspase 9, and PARP elucidates the apoptotic mechanism
induced by decursin [21].

However, there are no reports on whether decursin
caused anticancer activities are mediated through
modulation of DNMT and HDAC, which was investigated
in the present study.

Materials and Methods

Cell culture and treatment

Human prostate cancer cells, LNCaP, DU145, and PC3
were from American Type Culture Collection (ATCC),
USA, and cell repository at National Centre for Cell
Science (NCCS), Pune, India. Cells were grown in RPMI
1640 media supplemented with 10% FBS and 1% of the
antibiotic solution containing penicillin, streptomycin,
and amphotericin B at standard conditions of 37°C
temperature, 95% humidified air, and 5% CO,. Cells were
treated with DMSO control and desired concentrations of
decursin (10-50 uM) for 72 h.

Cell proliferation and viability assays

MTT and Trypan blue assays were used for cell
viability and proliferation analyses. For the MTT assay,
cells were seeded at a density of 5,000 cells per well of
a 96-well plate and after 72 h treatment with decursin
(10, 25, and 50 uM), cell viability was analyzed using
MTT as published earlier [25]. For Trypan blue assay
50,000 cells were seeded per well of a 6-well plate, treated
accordingly, and counted after staining with trypan blue
dye as described previously [25].
Global methylation analysis

Dot blot analysis was done to analyze the global
methylation pattern by using an antibody against
5-methyl cytosine. DNA was isolated from the cells by
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phenol-chloroform extraction method and subjected
to dot blot analysis. Fifteen nanograms of DNA were
spotted on the nitrocellulose membrane. The DNA was
cross-linked to the membrane by exposing it to ultraviolet
radiation having energy of 1500 pJ/cm? for 2-3 min.
The membrane was then blocked in 5% BSA solution
for 2 h followed by incubation with 5-methyl cytosine
antibody at 4°C overnight and then with HRP-conjugated
secondary antibody for 2 h. The signal was detected by
using ECL. The membrane was then counterstained with
0.2% methylene blue made in 0.5 M sodium acetate
(pH 5) for 2 h.

Methylation-specific PCR

Methylation-specific PCR (MS-PCR) was performed
to assess the promoter-specific methylation of certain
genes. DNA from all the treatment groups was treated
with bisulfite either manually [26] or by using an EZ
DNA methylation lightning kit from Zymo Research
(Cat. no. D5030) and then subjected to MS-PCR using
gene-specific primers (Supplementary Table no.1).

Semi-quantitative reverse transcription polymerase chain
reaction (RT-PCR)

RNA was isolated from the cells using Trizol solution
followed by ¢cDNA preparation and RT-PCR as per the
standard protocol [25]. The bands were quantified by
using Image J software and normalized against GAPDH.
Primers for different genes are enlisted in Supplementary
Table no. 2. Temperature profile used for RT-PCR was as
follows: 95°C for 5 min, 94°C for 30 sec, X°C for 30 sec,
72°C for 1.30 min and 72°C for 5 min. Steps 2-4 were
operated for 25-30 cycles. X indicates the annealing
temperature.

Western blot analysis

Cells were treated with decursin (10, 25, and 50 uM)
for 72 h followed by preparation of whole cell lysate
and nuclear/cytosolic fraction followed by western blot
analysis as reported earlier [27]. Bands were quantified
by Image J software and normalized to loading control.

DNMT activity assay

The activity of DNMT was assessed by using an
EpiQuik DNMT activity/inhibition assay kit (Cat no.
P-3001-1) as per the protocol mentioned in the manual.
Fifteen ug of nuclear lysate was taken as input material.

HDAC activity assay

The activity of HDAC was measured by an EpiQuik
HDAC activity/inhibition assay kit (cat no. P-4002-48)
following the manufacturer’s protocol. Twelve pg of
nuclear lysate was used as input material.

Statistical analysis

Statistically, the significant difference between control
and drug treatment groups was assessed by Student’s
t-test using GraphPad Prism version 5. The p-value <0.05
was considered significant. Image J software was used to
quantify the western blots and semi-quantitative RT-PCR
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gel images.

Results

Decursin inhibits the growth and viability of prostate
cancer cells in combination with DNMT and HDAC
inhibitors

Prostate carcinoma DU145 cells were treated with
decursin (10-50 pM) alone and in combination with DNMT
inhibitor, 5-aza, 2-deoxycytidine (DAC, 15 uM), or HDAC
inhibitor, TSA (0.2 uM) for 72 h followed by MTT and
trypan blue dye exclusion assays (Figure 1). Consistent
with our previous report, decursin (Figure 1A) decreased
the cell viability in a concentration-dependent manner
[21]. The enhanced growth inhibition (P < 0.05-0.001)
was observed in combination treatment of decursin
(25 uM) and DAC (Figure 1B and 1C). The 50 uM
concentration of decursin showed comparable decrease
in cell viability to that of TSA. Similarly, a strong
increase in growth inhibition (P<0.001) was observed
with the combination treatment of decursin (25 uM) and
TSA (Figure 1B and 1C). Next, we investigated whether
decursin could modulate the expression and/or activity of
epigenetic enzymes, DNMTs, and HDACs.

Effect of decursin on global methylation in prostate
cancer cells

A dot blot assay was performed to analyze the effect of
decursin on global methylation. Higher concentrations of
decursin showed decrease in the levels of global methylation
in DU145 and LNCaP cells. A respective decrease of 41%
and 46% was observed at 25 uM and 50 uM concentrations
of decursin in DU145 cells while this decrease was 29%
and 37% in LNCaP cells, respectively (Figure 2A). In
PC3 cells, the highest decrease of 53% was observed at
10 uM concentration of decursin, whereas, 25 and 50
uM decursin decreased the global methylation by 37%
and 19%, respectively (Figure 2A). Thus, all the three
cell lines showed a decrease in the global methylation
after decursin treatment, hence reflecting a possibility of
DNMT inhibition by decursin.

Effect of decursin on promoter-specific methylation in
prostate cancer cells

Methylation-specific PCR (MS-PCR) was utilized
to study the effect of decursin on the promoter-specific
methylation of certain genes which are usually found to
be hypermethylated in different types of cancers including
prostate cancer. A ratio of unmethylated/ methylated
band intensity (U/M) was calculated for easier analysis
and normalized with respect to control. The methylation
level of the CD2, p16 and E-Cadherin gene was decreased
remarkably in DU145 cells after the treatment with a 50
uM concentration of decursin as indicated by the increased
U/M ratio while no significant change in the methylation
status of GSTP1 and TIMP3 gene was observed in this
cell line (Figure 2B). No noticeable effect was seen in the
methylation status of GSTP1 and p16 gene in LNCaP cells,
while the methylation level of E-cadherin was decreased
significantly in this cell line (Figure 2C). In PC3 cells,
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Figure 1. Effect of Decursin alone and in Combination with DNMT Inhibitor, DAC, and HDAC Inhibitor, TSA on Cell
Viability of DU145 Cells. (A) Chemical structure of decursin showing the coumarin ring. (B) and (C) Cell viability
analysis by MTT and trypan blue exclusion assay, respectively. DU145 cells were treated with DMSO vehicle control
or 10, 25, and 50 uM concentration of decursin or 0.2 uM concentration of TSA or a combination of decursin (25 pM)
and TSA (0.2 uM) for 72 h followed by MTT (B) as well as trypan blue (C) assays were performed for cell viability
analysis. The data are presented as mean = SEM of three independent experiments. * P<0.05, **P<0.01, ***P<0.001
versus control. DAC; 5-aza-deoxycytidine, DN, decursin; TSA, trichostatin A

methylation levelof p16 and E-Cadherin was decreased
significantly after decursin treatment while no significant
change was observed in the methylation status of CD2
and GSTP1 gene (Figure 2D). Overall, decursin showed
a decrease in the methylation level of the CD2, p16 and
E-Cadherin gene in DU145 cells, E-Cadherin gene in
LNCaP cells and p16 & E-Cadherin gene in PC3 cells.

Decursin downregulates the expression of DNMT5s in
prostate cancer cells

As decursin treatment resulted in the decreased
genome-wide methylation and promoter-specific
methylation of pl6, we studied the effect of decursin
on the mRNA and protein expression of DNMTs.
Both the cell lines, DU145 and LNCaP displayed a
decrease in the mRNA expression levels of DNMTs
at higher concentrations of decursin. There was a
moderate decrease in the expression of DNMT1 while
a prominent decrease was observed in the expression
of DNMT3A and 3B in DU145 cells. The lowest
concentration of decursin (10 uM) showed variable effects
on the mRNA expression of DNMT1, and DNMT3A and
3B (Figure 3A). A noticeable decrease was observed in
the expression of DNMT1 and DNMT3B by decursin in
LNCaP cells (Figure 3B).

Further, protein level of DNMT1 and 3A was decreased
after decursin treatment with the exception of 10 uM
concentration in DU145 cells (Figure 3C). In LNCap
cells, protein expression of DNMT1 was found to be
decreased only at the highest concentration of decursin
while the lower concentrations exhibited a slight increase.
The protein expression of DNMT3A and DNMT3B was
decreased after decursin treatment (Figure 3D). Overall,
the results exhibited a decrease in mRNA and protein

expression of DNMTs in both the prostate cancer cell
lines after decursin treatment.

Decursin downregulates the expression of HDACs and
increases the total acetylation of H3 and acetylation of
H3 at lysine 9/14 in prostate cancer cells

Furthermore, to explore the possibility that the
inhibition of the cancer cell viability by decursin was
contributed by the diminished expression HDACs, we
analyzed mRNA and protein expression levels of HDACs.
The mRNA level of HDAC1, HDAC2, and HDAC3
was decreased in a concentration-dependent manner in
DU145 cells except for 10 M concentration of decursin
(Figure 4A). However, there was no change in the mRNA
level of HDAC:s by decursin in LNCaP cells (Figure 4B).

The protein levels of all HDACs diminished in
a concentration-dependent manner in DU145 cells
(Figure 4C). There was a concentration-dependent
decrease in the protein levels of HDACI, 2, 3, and 4
in LNCaP cells (Figure 4D). The results exhibited a
significant decrease in protein expression of HDACs
in both the cell lines after decursin treatment. Next, we
analyzed the effect of decursin on the protein level of total
acetylation (K9, K14, K18, K23, and K27) of histone 3
by western blotting and found that the total acetylation
level of H3 increased after decursin treatment in DU145
(Figure 4E). Furthermore, we checked the specific
acetylation of histone H3 at lysine 9/14(H3K9/14 Ac) and
it was also increased after decursin treatment in both the
cell lines (Figure 4F and G). These findings corroborated
the observed decrease in the protein expression level of
HDAC:s after decursin treatment.
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Figure 2. Effect of Decursin on Global Methylation and

Gene-specific Methylation of Certain Genes in Prostate

Cancer Cells. (A) Dot blot analysis, (B-D) Methylation-specific PCR. Cells were treated with DMSO vehicle control

or 10, 25, and 50 uM concentrations of decursin or 5 uM

concentration of DAC for 96 h, and after the completion

of treatment time, DNA was isolated from cells and dot blot analysis was done by using 5-methyl cytosine antibody.
The membrane was then counterstained with methylene blue as loading control. The blots were quantified by image J
and normalized against loading control. Blot intensity is mentioned below each blot as fold change from control (A).
For gene-specific methylation assessment, cells were treated with DMSO vehicle control or 50 uM concentration of
decursin for 96 h. DNA was isolated from the cells and subjected to methylation-specific PCR and PCR products were
run on 3% agarose gel (B-D). The band intensities of unmethylated and methylated bands were quantified by image J

and represented as U/M ratio graphs below the gel images

(Table A-C). ns, non-significant, **P<0.01, ****P<0.0001

versus control. DN, decursin; DAC, 5-aza, 2-deoxy cytidine.

Decursin reduced the overall DNMT and HDAC activity
in DUI45 and LNCaP cells

The effect of decursin treatment on pan-DNMT and
pan-HDAC enzymatic activity was analyzed in DU145
and LNCaP cells and the overall activity of DNMTs
was decreased in a concentration-dependent manner
in both the cell lines. At the highest concentration
of decursin, the inhibitory activity was found to be
comparable to that of a known inhibitor, DAC indicating a
great potential of decursin as an inhibitor of DNMT activity
(Figure 5A and B). Furthermore, the pan-HDAC activity

was significantly decreased at all the concentrations
(10, 25, and 50 uM) of decursin in DU145 cells
(Figure 5C). In LNCaP cells, activity was decreased at 10
uM and 50 uM concentrations while no significant effect
was observed at 25 uM concentration and the highest
effect was observed at 10 puM concentration (Figure 5D).
As a result, decursin not only decreased the expression
levels of DNMTs and HDACS but also diminished their
activity in both cell lines.
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Figure 3. Effect of Decursin on mRNA and Protein Expression of DNMTs in Prostate Cancer Cells. (A, B)
Representative agarose gel electrophoresis images of semi-quantitative RT-PCR showing differential mRNA
expression of DNMTT, 3A, 3B in DU145 and LNCaP cells after treatment with different concentrations of decursin
for 72 h. (C, D) Western blots signifying differential protein levels of DNMTs in DU145 and LNCaP cells after
treatment with various concentrations of decursin for 72 h. DN, decursin; DNMT: DNA methyl transferase, GAPDH,

glyceraldehyde 3-phosphate dehydrogenase

Decursin decreases the nuclear localization of DNMTs
and HDACs

The effect of decursin on the nuclear localization of
DNMTs and HDACs was evaluated as a part of examining
the possible mechanisms of decursin-mediated reduction
in their activities. A concentration-dependent decrease
was observed in the nuclear levels of all the three
DNMTs in DU145 cells while the cytoplasmic levels of
DNMT1 and DMNT3A were found to be increased at all
the concentrations of decursin as compared to control.
Nuclear levels of DNMT3B were decreased at all the
used concentrations of decursin (Figure 6A). These
observations suggest that decursin decreased the nuclear
localization of DNMTs and may export these enzymes
out of the nucleus, thus decreasing their activity inside
the nucleus.

Further, western blotting for HDAC3 using the nuclear
and cytosolic lysates of DU145 cells showed a decrease
in the nuclear level of HDAC3 after decursin treatment in
a concentration-based manner (Figure 6B). Similarly, in
LNCaP cells, the nuclear level of HDAC3 was decreased
after decursin treatment with a corresponding increase in
its cytosolic level (Figure 6C). Overall, results indicated
that decursin has the ability to decrease the nuclear
localization of DNMTs and HDACs which may in part
be associated with its ability to inhibit the activities of
these enzymes.

Discussion

The central findings in the present study using human
prostate cancer cells are that decursin (a) inhibited
global methylation and promoter methylation of tumor
suppressor genes, (b) suppressed the mRNA and protein
expression of DNMTI1, DNMT3A, and DNMT3B,
(¢) decreased the nuclear localization and activities of
DNMTs, (d) down-regulated the expression of HDACs as
well as their nuclear localization, (¢) increased the total
acetylation of histone H3 and acetylation of H3K9/14 (f)
decreased the growth and survival of prostate cancer cells
which were further enhanced in combination with DNMTs
and HDAC:s inhibitors.

Epigenetic enzymes have become vital targets in
cancer therapeutics; however, the use of clinically
approved inhibitors against these enzymes is limited due
to their shortcomings including non-specific toxicity and
application at the early stages [10]. Thus, novel agents are
being explored which can overcome these shortcomings
and provide therapeutic benefits with greater efficacy.
In such cases, small molecules like decursin may have
some advantage as it targets multiple pathways at genetic
as well as epigenetic levels and is also non-toxic to normal
cells. Decursin has been earlier tested for its toxicity in
normal prostate epithelial cells and has been found to be
non-toxic in these cells [21], and decursin is also reported
to have anticancer properties in prostate cancer cells
and animal models [28]. Nevertheless, the mechanisms
behind the anti-cancer activity of decursin against prostate
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Figure 4. Effect of Decursin on mRNA and Protein Expression of HDACs and Protein Expression of Acetylated
H3K9/14 and Total Acetylation of H3 in DU145 and LNCaP Cells. (A,B) Representative agarose gel electrophoresis
images of semi-quantitative RT-PCR showing differential mRNA expression of HDACI, 2, and 3 in DU145 and LNCaP
cells after treatment with different concentrations of decursin for 72 h. (C, D) Western blots signifying differential
protein levels of HDACs in DU145 and LNCaP cells after treatment with various concentrations of decursin for 72 h.
(E) Western blot bands for total acetylation (K9/14/18/23/27) of histone H3 after treatment with various concentrations
of decursin for 72 h. (F,G) Western blots showing the effect of decursin on acetylation level of H3K9/14 in DU145
and LNCaP cells after treatment with various concentrations of decursin for 72 h DN. DN, decursin; HDAC, histone
deacetylase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase

cancer are yet to be deciphered completely. Our present
study suggested the novel DNMT and HDAC inhibitory
potentials of decursin in prostate cancer cells.

Decursin manifested a decrease in global methylation
in all the three prostate cancer cell lines. As global
hypomethylation may also lead to genomic instability and
cell death [6], the decursin-mediated decrease in cancer
cell viability may in part be due to genomic instability
resulted due to the decreased global methylation by
decursin. For gene-specific methylation analysis, certain
genes which are commonly methylated in prostate cancer
cells were studied. The pl6 gene is an important tumor
suppressor gene that is commonly found methylated
and down-regulated in prostate cancer [29]. Thus, the
observation of decursin-mediated hypomethylation of
the p16 gene in DU145 and PC3 cells could be one of
the factors contributing to the decrease in cell growth
and viability of cancer cells by decursin. This could
be supported by the report in which the inhibition of
methylation at the pl6 gene promoter caused growth
suppression in various cancer cells [30]. Cyclin D2
either acts as a tumor suppressor gene or oncogene
depending upon the cancer subtype. In prostate cancer, its
silencing by hypermethylation is associated with tumor
aggressiveness and a high Gleason score [31]. Previous
studies showed that treatment of prostate cancer cells
with DAC and TSA increased the Cyclin D2 expression
which was accompanied by the decreased proliferation of
LNCaP cells [32]. Our results exhibited a significant

decrease in the methylation level of Cyclin D2 promoter
in DU145 cells after decursin treatment which may also
contribute to the decursin-mediated anti-cancer effects.
E-Cadherin regulates cell adhesion and migration and
thus, it inhibits epithelial to mesenchymal transition
(EMT) of cancer cells reflecting its tumor suppressorive
nature. It is reported to get silenced in various types of
cancers by promoter hypermethylation [33] including
prostate cancer to enhance the invasiveness of cancer
cells [34]. Khan et al reported that a treatment with a
phytochemical, EGCG resulted in the decreased levels of
methylation of E-Cadherin in cervical cancer cells leading
to the restoration of its expression [33]. In our study,
we also observed the decreased methylation levels of
E-Cadherin promoter in all the three prostate cancer cell
lines after decursin treatment.

Furthermore, we found that decursin downregulated
the mRNA as well as the protein expression of DNMTs
and HDACs in cancer cells. However, only protein
levels of DNMT3A and all HDACs were found altered
in LNCaP cells. Since DU145 cells are androgen-
independent and LNCaP cells are androgen-dependent,
therefore, the possibility of differential regulation of
DNMTs and HDACs could be associated with their
advanced and androgen-independent state versus less
aggressive and androgen-dependent stage of the cancer
cells. Small molecules such as 3,3’-diindolylmethane
(DIM) and parthenolide have been reported to decrease
the protein expression of HDACs by proteasomal
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degradation [35]. The decreased protein expression of
HDACS3 after sulforaphane treatment was reported due to
pinl-mediated proteasomal degradation of HDAC3 [36].
Similarly, in addition to transcriptional and translational
regulations, the decursin-mediated decrease in the protein
expression of DNMTs and HDACs may involve such
post-transcriptional mechanisms which require further
investigation.

In the present study, we observed a decrease in the
expression as well as activity of DNMTs after decursin
treatment. Similarly, phytochemicals such as rosmarinic
acid, apigenin, sulforaphane, EGCG, genistein, and
curcumin, etc have been shown to decrease the expression

as well as activity of DNMTs [37]. DNMTs regulate gene
expression by methylating DNA, and thus, their activity
is mostly restricted to the nucleus. Apart from this, the
decreased levels of nuclear DNMTs are associated with
their mislocalization in cytoplasm. For instance, DNMT1
mostly resides in the nucleus with an exception during
preimplantation period of embryonic development.
In this stage, DNMT localizes in the cytoplasm. Apart
from this stage, cytoplasmic localization of DNMT1 is
associated with various diseases [38]. A long non coding
RNA,CCD26 has been found to interact with DNMT1
and ensure its nuclear localization. Knockout of this
RNA is reported to cause cytoplasmic localization of
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DNMT, possibly through nucleus to cytoplasmic export
of DNMT1 [38]. Consistent with this, In our study,
decursin was found to reduce the nuclear localization of
DNMT1 and DNMT3A with a corresponding increase
in their cytoplasmic levels. This result indicated that the
decreased nuclear localization of DNMTs by decursin
could contribute to the inhibitory effect of decursin on
DNMT activity in prostate cancer cells.

Since, decursin displayed HDAC inhibitory effect in
prostate cancer cells, we further analyzed its effect on
histone acetylation. The increase in the total acetylation
level of histone H3 and acetylation of H3K9/14 after
decursin treatment further validated its effect as HDAC
inhibitor. This was further supported by measuring the
pan-enzymatic activity of HDACs after decursin treatment
through a colorimetric activity assay. As anticipated,
decursin reduced the overall activity of HDACs in both
the prostate cancer cell lines. Other previously reported
small molecules such as BITC and sulforaphane also
displayed similar effects on the protein expression as well
as the activity of HDACs [35]. Further, our findings also
suggested the decreased nuclear localization of HDAC3 by
decursin treatment. Thus, this data concluded that decursin
may act as a potential inhibitor of HDAC activity.

Despite having non-histone targets, the role of
HDAC:S in cancer development is mainly associated
with the deacetylation of histones at the promoter of
various genes such as p21, Bax, and E-cadherin, etc
in the nucleus [2]. HDAC inhibitors which are being
explored as anti-cancerous agents induce histone H3 and
H4 acetylation at the promoters of these genes [2, 39, 40].

It suggests that the nuclear localization of HDACs has a
role in carcinogenesis, and a chemical showing HDAC
inhibitory activity may also decrease the nuclear level
of HDACs. Hence, the decursin-caused reduced nuclear
localization of HDAC3 suggested its role in modulating
the cellular versus nuclear localization of HDAC:s:.
Consequently, the reduction in the nuclear localization of
HDACSs could be one of the possible mechanisms by
which decursin inhibited the activity of HDAC. This
speculation is supported by a study carried out by
Rajendran et al. where Sulforaphane treatment of colon
cancer was reported to cause increased phosphorylation
of HDAC3 and its interacting partner SMRT, thus causing
dissociation of this complex. This was further resulted
in binding of HDAC3 by 14-3-3 and pin 1, ultimately
leading to the trafficking of HDAC3 from nucleus to
cytoplasm and this model was the proposed mechanism
behind the inhibitory role of sulforaphane in colon cancer
cells [36]. Decursin also decreased the mRNA levels of
other epigenetic enzymes such as MLL1, EZH2, LSD, and
p300 (Supplementary Figure 1), hence, may emerge an
important epigenetic modulator for its anti-tumor effects.

In conclusion, the ability of decursin to decrease
the overall expression and nuclear levels of DNMTs
and HDACs may contribute to its DNMT and HDAC
inhibitory roles in prostate cancer as reflected by
the decreased activity of these enzymes (Figure 7).
Conclusively, the study finds decursin as a novel,
non-toxic epigenetic modulator targeting both DNMTs
and HDACs for inhibiting the growth and survival of
prostate cancer cells.
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